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CHARGING OF FLEXIBLE SOLAR ARRAY SUBSTRATES 


IN KILOVOLT ELECTRON BEAMS 

by tlohn V. Staskus and Steven ,1. Narclso 

National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 44135 

INTRODUCTION 

Many satellites in jjeosynchronous orbit have experienced anomalous 
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behavior in electronic systems at some time during: their operational life ’ . 
The anomalies are believed to be the result of discharjres which occur fol- 
lowing the differential charging of various spacecraft surfaces by the geo- 
magnetic substorm environment^. Investigations to determine the behavior 
of various materials under charging conditions have been undertaken in the 
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Lewis Research Center’s geomagnetic substorm simulation facility . Ther- 
mal control materials and some solar arrav segments have undergone con- 
5 6 7 

siderable testing ’ ’ . These samples all dischargtHi under conditions 
simulating nuxierate to severe substorms. 

Flexible substrate solar arrays used on some communications satellites 
present a large in.sulator area that can be charged by the environment. The 
first such array was designed and built for the Canadian -American Commu- 
nications Technology Satellite (CTS) before .spacecraft charging effects were 
understood. There was .sufficient concer.i for the possible charging of this 

o 

AEG-Telefunken supplied array that a charging investigation was conducted . 
The CTS has .survived the environmental charging since launcli in .lanuary. 
1976, but has suffered a power loss possibly due to a charging event^. 

When a similar solar array was proposed for use on the latest COMSAT 
satellite, Intelsat V, several modifications to the substrate were suggested 
to minimize the charging of the dielectric .surface. The KAPTON -fiberglass 
substrate was changed to Include woven carbmi fiber fabrics and or 
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conductive surface coatings. The fabric and coatings would be electrically 
grounded. These ’’quaslconductive” dielectric substrates required testing 
to evaluate their effectiveness in controlling surface charging. Four solar 
array segments were prepared by AEG-Telefunken and COMSAT using dif- 
ferent carbon fabric weaves and surface coatings. 

The segments were tested in the Lewis Research Center facility as 
part of the continuing evaluation of new materials and techniques being 
developed to control surface charging. Survey tests were conducted on 
both the solar array sides and the substrate sides by exposure to 2 to 
20 KeV electron beams. Simulated eclipse testing was also conducted in 
which the segments were exposed periodically to sunlight while being ir- 
radiated by the electron beam. This report describes the testing and 
summarizes the results. 

SAMPLE DESCRIPTIONS 

All of the ai'ray segment samples were nominally 10 centimeters by 
11 centimeters in size. The solar cells were 2 centimeters by 4 centi- 
meters having 10 -centimeters resistivity. The substrates were coin- 

o 

posed of 12. 5 iim thick (0. 0005 in. ) KAPTON sheet (19 gm/ni ) reinforced 
with either a woven carbon fiber fabric or a woven glass fiber fabric. The 
samples were designated set 1, set 2, set 3, ;md set 4 by COMSAT Cor- 
poration. T.able I sumniai'izes the characteristics of the sample 
substrates. 

2 

The set 1 sample, fig. 1, had a carbon fiber fabric of 66 gm ni den- 
sity bonded to the KAPTON sheet for reinforcing and charge control. The 
elements of the woven cai'bon fiber fabric were approximately 1. 5 mm 
wide and spaced 5 per centimeter resulting in an open area of about 6 
percent. A conductive strip down each edge of the rear surface provided 
the electrical contact with the carbon fiber reinforcing and chiU'ge control 
material. A short piece of KAPTON insulated wire was epoxicd to each 
strip for circuit connections. The eight 2x4 centimeter solar cells were 
mounted on the KAPTON with RTV 566 in two parallel strings of four cells 
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In series. The 0. 1 nun thick cerium doped cover slides were applied with 
DC 9350 adhesive and were similar to those used on the Communications 
Technolo^jy Satellite. 

9 

The set 2 sample, fij;. 2. had 45 fjm m“ carlnm fiber f.abric bondiHl to 
the KAPTON sheet for reinforcing: ;u\d ch;u*j:e control. The fabric elements 
were about I mm wide ;md spaced alumt 3lper centimeter resulting in an 
i>pen area of alniut 42 percent. Electrlcarconnection to tlu carbon fiber 
fabric was providtMl by a conductive strip down each edjje of the sample's 
reiu* surface. A short len^dh of silver mesh was bondtnl to each strip for 
solder connections. The four 2 centimeter by 4 centimeter solar cells, 
connecttxi in series, were centered on the KAPTON substrate. The lonj: 
dimensions of substrate ;uui cells were parallel. The 0. 15 nun thick ce- 
rium di>pi\i cover slides had a nuignesium fluoride anti -reflection coating:. 

The set 3 sample, 3, was similar to the set 2 sample except that 
a film of adhesive -siH)t material was applltnl over the woven carbon fiber. 
This was done to impnn e conductivity and thereby reduce the charj:e 
buildup. 

The set 4 sample, flj;. 4, had a substrate of KAl'I'ON reinforced with 
27 i:m m woven glass fiber fabric. The weave density of about 24 strands 
per centimeter allowed very little, if any, open area. This sample had the 
reinforcing material applitnl to the front or solar cell side of the K.APTON 
sheet. The charge Cimtrol material, a mixture of adhesive and siu>t. was 
applied to the bare KAPTON on the rear surface of the substrate. Con- 
ductive strips and silver mesh again provided electrical cmmecti»'n ti> the 
conductive coating on the rear of the substrate. The .solar cells were the 
same type as ustnl on the sets 2 ;uui 3 samples. 


nKSCHlPTlON or TESTS 

The te.st program consisttni oi three parts. In the first series i>f tests 
the sample front surfaces were exposed tt> the electron beam witlunit solar 
simulation. In the second series of tests the backside surfaces were ex- 
posiHi and in the third series the front .surfaces were ex^n'sed ti' the electnm 
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beam while being subjected to simulated solar illumination and eclipse. In 
the first two series of tests the samples were subjected to nominal electron 

p 

fluxes of I nA, cm for 20 to 30 minutes at each of the various electron beam 
accelerating voltages. In the third series of tests the electron flux was nom- 
inally I nA/ cm and the beam energy was 20 KeV. Each test was begun with 
the sample sui'face neutral. An im source was used b?tween tests to dis- 
charge this surface. The surface potential measuring i'.ystem verified that 
the surface was neutral. The electron current collected by the solar cell 
circuit and that collected by the substrate were monitoreil separately. The 
sample surface potential profile was monitored using the electrostatic volt- 
meter which was swept across the surface at a minimum separation of about 
0.2 centimeter. Discharge activity was monitored with a 15 centimeter 
diameter loop antenna centered about 38 centimeters from the sample 
center. 

The first series of tests, run at beam voltages of 2, 5, 8, 10, 12, 14, 

16, 18, and 20 KV, was conducted to survey the response of the front di- 
electric surface and the solar cells. The second series of tests, run at 2, 

8, 12, 16, ;md 20 KV beam voltages, was conducted to survey the backside 
performance. The samples could be compared one to another to determine 
the most effective technique for controlling charge buildup on the rear 
surfaces. 

In the third series of tests, the front surface of each sample was ir- 
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radiated with a 1 nA/cni , 20 KeV electron flux for a period of two hours. 

The first half hour pericxi was similar to the initial front surface tests ex- 
cept that the sample temperature was lowered to about -18^' C. During the 
second half hour the sample was illuminated by a solar simulator producing 
about 0. 6 sun intensity at the sample plane. During the third half hour the 
sample was again in darkness while during the fourth half hour it was il- 
luminated. Throughout the test the temperature, substrate collection cur- 
rent, cell circuit collection current, and surface potential profile were re- 
corded once per minute. During the illuminated portions of ihe test, the 
array segment short circuit current and open circuit voltage were also re- 
corded each minute. 


DISCUSSION OF HF.SULTS 


Tho tost results for the set 2 sample is slu>wn in fij;:ures 5 throu>;h 8. 
Fij;:ure 5 sliows some typieai surface pi>tential profiles for tlie front and 
rear of sample 2. All are profiles of surfaces beinp lH)mbardt\i in dark- 
ness. Fij;ures 5(a) and (b) are equilibrium profiles of the front surface 
under exposure to 5 KeV (low ener^iy) and 20 KeV (hi};h enerpy) beams, 
respectively. Ni>te tliat in (he b>w enerj;y beam, the KAPTON iHU'der be- 
comes char^tHl to a significantly higher potential tl\an the cell Ciuer slide. 
In the hij;h enerj^y beam the potentials of tlu' cover slide and KAPTON 
lH>rder are comparable. Figures 5(r) and (d) shi)w the rear surface in a 
hi|;h ener^jy beam early in the test and at equilibrium. The carln)n fiber 
threads of about 0. I centinu'ter width and intervening; 0.2 centimeter 
squares of KAPTON are resolvable as the alternatin}; txitential ivaks 
aiKi valleys. The conductive strips on the iKi^es of Uie sample are seen 
as hij;h potential ixuiks. The most si^;nif leant observation to be made 
is that the small open areas of KAPTON i>n (he re.ir surface becume 
charjied to nearly the same potential as the broad open KAPl'ON bv>rders 
im the front surface. Therefore, it appears that the carlvm fiber simply 
breaks up the charf;in^ into smaller areas. 

Fi^u^e t» shows the r.inpe of pi>tentials i>ccupied by the various sur- 
face materials i>f the sample bn* expi>siirc to electron beams I'f 2 tt> 20 KeV 
energy. Figure 7 slu>ws the equilibrium electn>n currents ti' the ci'iuiuc- 
tive substrate and .solar cell circuits in beams id' 2 to 20 KeV enei};y. It 

should be noted that increasini; acceleratini; potentials focus the beam so 

•> 

that a 20 KeV beam of I \\A cm“ density at the sample ceider will not pro- 
viiie the same total current to the sample as a 2 KeV beam of (he same 
density at the sajuple center. The current collected by (he solar cell cir- 
cuit durini; electron irraiiiation of the substrate side is <iot shown since it 
was more than an order of mae.nitude less than the current collectt'd dur- 
ing; fnuital irradiation. Fie.ure 8 is a summary i>f the test conducted with 
the .solar simulator. Fij;ures 8(a) and O’) are records of th.e surface po- 
tentials on (he cover slides and KAPTON substrate border. Note (hat 
under illumination of only 0.8 sun intensity (he surface potentials are 
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reduced by an order of magnitude from the values reached during electron 
irradiation in total darkness and may be due to the photo conductivity of 
KAPTON^®. Figure 0(c) is a plot of sample temperature versus time. The 
thermocouple used to monitor the temperature was located in the center of 
the rear surface of the sample. Due to its location it probably indicated the 
true temperature of all surfaces of the sample only during the first half hour 
for which there were no thermal inputs to the sample and a steady state had 
been achieved. Figure 8(d) is a cumulative record of the discharge activity 
that took place during the test. The three counters connected to the kx)p 
antenna were operating with thresholds of IV, 2V, and 5V. The curve 
labeled with roman numeral I shows the occurence of discharges which gen- 
erated pulses of greater than IV in the antenna. Curve II is for those dis- 
charges which induced pulses of greater than 2V and curve III is for pulses 
of greater than 5V. No discharges of level III were observed during the two 
hour test of sample of set 2 and only one was detected during each two hour 
test of samples of set 3, set 4, and set I. Discharge activity was greatest 
during the first half hour when the sample was cold and in darkness. The 
discharge rate was reduced following illumination of the sample but in- 
creased during the second half hour of darkness. The discharge rate dur- 
ing the second dark period was somewhat less than the rate during the first 
half hour and may be due to the higher sample temperature. The discharge 
activity during the first and second test series is summarized in table II. 

The test results obtained with the set 3 sample are summarized in fig- 
ures 9 through 12. Figure 9 shows typical potential profiles for this sample. 
This sample was identical to the set 2 sample except for the addition of the 
soot bearing charge control material to the rear surface. The cover slide 
and KAPTON border potential profile for low energy (5 KeV) electron beam 
irradiation (fig. 9(a)) is very similar to that for the set 2 sample (fig. 5(a)). 
The profile for high energy (20 KeV) electron beam irradiation (fig. 9(b)) 
shows that the KAPTON border became less highly charged probably due to 
the additional adhesive -soot cluu'ge control material. The most dramatic 
improvement is noted in figure 9(c) which shows the profile of the rear 
surface exposed to a 20 KeV electron beam. The nuiximum p'otential is two 
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orders of magnitude less than that of the sample lacking the adhesive -soot 
chai'ge control material. Figures 10, 11, and 12 show the surface poten- 
tials versus beam energy, collected electron currents versus beam energy, 
and curves summarizing the two hour test in which the sample was illumi- 
luated by simulated solar radiation. 

The test results obtained with the set 4 sample are summariztHl in fig- 
ures 13 through 16. Flgui'e 13(a) shows the front surface potential profile 
when exposed to a 5 KeV electron beam. The cover slide and fiberglass 
border became charged to approximately the same potentials as the cover 
slides and KAPTON borders of samples of sets 2 and 3. The potential pro- 
file of the surface exposed to a high energy (20 KeV) electron beam is shown 
in figure 13(b). Kxposure of the rear surface to a 20 KeV beam pnxiuctxi 
the potential profile of figure 13(c). Recall that the rear surface has the 
adhesive -soot charge control materi;il applied to plain KAPTON without ;my 
woven carlHui fiber materi;il. Comp;u*ison with figm*e 9(c) shows that tiu' 
adhesive -six)t material ;ilone is nearly as effective as the combined woven 
carbon fiber and soot bearing material in reducing clurge accumulation. 
Figures 14, 15, ;uid 16 show the surface potentials versus beam energy, 
collected electron currents versus beam energy, and the curves summariz- 
ing the two hour test of alternating periixis of darkn^'ss and simulatiHi solar 
illumination. 

The test results obtained with the sample of set I are summarized in 
figures 17 through 20. This sample was a better simulation of a proposed 
fligiit ;u*ray in that the expostni area of the substrate on the solar cell side 
was a small fraction of the total sample area. Figure 17(a) slu>ws the two 
deep potentliU wells due to charge accumulation on the narri>w KAPTON 
lH>rders. The potentials reached by the surfaces in the low (5 KeV) energy 
electron beam wore much the same as the levels reached by similar .sur- 
faces on the other three samples. The volt;ige probe crosstnl fi'ur cm er 
slides as it traversed the sample and evidence of these is barely discern - 
able in the profile of figure 17(a). Figure 17(b) is a typical surface pi>ten- 
tlal profile of sample I in a high energy (20 KeV) electron beam. The 
sohu* cell cover slides are more easily seen. The potential profile i>f the 
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roar surface In a 20 KoV electron beam Is shown In fij^ure 17(c) The roar 
surface of this sample Uxiks much like the real* of the set 2 sample except 
that the carbon fiber material is more densely woven. Comparison of fig- 
ure 17(c) with flj^ure 5(c) shows that the closer weave eliminated the numer 
ous hl^;hly chiirned regions evident on the rear of sample 2. Although an 
improvement over the behavior of sample 2 was reali/.txi, the closer weave 
was not as effective in reducing charge accumulation as the soi>t bearing 
material applied to samples 3 and 4 (see figs. 9(c) and 13(c)). Figures 18, 
19. ;md 20 . aow the surface potentials versus beam energy, sample cur- 
rents versvL oeam energ>' aixi the data sumnuu*i/.ing the iwo hour test with 
periixis of .solar simulation. 

The discharge activity of the samples during the 20 to 30 minute te.sts 
in darknes.s is collected in table II. The numbers represent the cumulative 
number of disch;irges which induceii signals of greater than IV, 2V, and 
5V' in the Ux>p antenna during 20 minutes of expi>sure to the electron beam. 
The set I sample experienctHi significantly more discharge activity on the 
front .surface than the other three samples. This may be due to the larger 
number of .solar cells who.se cover slides cimld become charged aixi inde- 
pendently dl.sch;u*ge to the .solar cell biterconnects. Compiud.son of fig- 
ures 8(d), 12(d), lOid), and 20^d) slu'ws that illumination of the front .sur- 
face significantly reducini or ellminatixi discharge activity im all samples 
which may be due to the photoconductivity of KAPTON . The data in the 
table Indicates that the densely woven carlnm fiber fabric alone or the less 
dense c;u*bon fiber fabric with the adhesive -soot material addt\1 were most 
etfective in preventing discharge activity w’hen the rear .surface was ir- 
radiated in darkness. 


CONCl.PniNG HKMAHKS 

Finn* sidar array .st'gments of differing sub.strate construction .supplied 
by the CORb’^T Corix>ratli'n, were exposini to moni>energctic electron 
beams \:\ the l.ewis Research Center electron irradiation facility. Tliese 
segments differtxl in the approach ustni ti> (1) reinforce the basic KAPTON 
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sheet substrate, and (2) to nuike tlie dielectric substrate ’’quasi -conductive" 
and hence, minimize surface charge build up. 

The sample which exhibited the lowest surface potential on its rear sur- 
face was that with a woven carlwn fiber reinforcing material (density of 45 
gm/m ) and an adhesive -soot mixture applied to the back (set 3). The sam- 
ple having only the adhesive -soot mixture applied to the rear (set 4) r,anked 
second. The set I sample, having only the higher density (66 gm/m ) woven 

c.arlK^n fiber material on the back, ranked third in lowering substrate re,ar 

•) 

surface potentials and the sample having only the low densltv (45 gm/m“) 
woven carlHin fiber material (set 2) ranked last. These results are as ex- 
pected; the more nearly continuous the "quasiconduct Ive" layer, the lower 
the surface potential. 

In terms of dlsch.'irge activity im the rear surface, the set I and set 3 
samples appear equivalent with no discharges recordt'd. Samples 2 ;uu1 4 
did exhibit some dlschiirge activity on the rear surface with sample 2 the 
most active. 

The data obtained from these tests show that electronic ch;u*ge accumu- 
lation by the substrates of flexible solar arrays can be reduced. This re- 
duction can also be obtained with minimum impact on the solar ;u*ray weight 
since some materials used for cluirge control also serve as strengthening 
elements in the flexible substrate. The Influence of these charge control 
techniques on the thermal characteristics of the array have yet to be 
evaluated. 
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TABLE I. • SUMMARY OF SAMPLE SUBSTRATE CHARACTERIffriCS 


ElMBMRa Substrate v/o 
(fn Antl-charglii( 
(fm/m*) 




KAPTON (U. S |im) 

crc* 

CY 2M 

Hardener HT 973 


KAPTON (13.9 mo>) 
CPC 

DuPont 46971 
Hardener RC 609 


KAPTON (11.9 Mm) 
CFC 

DuPont 46971 
Hardener RC 809 


KAPTON (13. 9 Mm) 
Class Fiber 90001 
DuPont 46971 
Hardener RC 809 


* All of the samples IujI 2 strips of silver -filled polyester bonded to the rear surface 
so that the samples' rear side could be Rrounded. All of the samples were sent by 
AEC/'Telefunkm. Set 1 was received without cells and eella were mounted on the 
samplea for COMSAT by TRW Space Sysi'ms. 

^Carbon fiber composite (CFC). 


Dimension 

(mm) 

Aatt-«harflac 
represanted by 

100 X 110 

CFC 

100 X 110 

CFC 

100 X 110 

CFC ♦ 
DuPont * 
Hardener * 
Soot 

100 X no 

DuPont * 
Hardener ♦ 
Soot 



TABLE n. - CUMULATIVE DISCHARGES AT 20 MINUTES 
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Rgure 1. - Sample # 1. Figure 2. - Sample # 2 . Figure 3. - Sample § 3. 
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(M Front surface potential profile, 
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fc) Rear surface potential profile, 
20 KeV beam, minute 1. 
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(d* Rear surface potential profile, 
20 KeV beam, minute 20, 

1 KVfdivision. 


Figure b. * Typical surface potential profiles of sample # 2, 
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Figure 6. - Surface potential versus beam energy for 
sample no. 2. 
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I)) Surface potential of KAPTDN border around solar cells versus 
time during solar simulation test of sample number 2 . 
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Figure 8. * Concluded. 
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la) Front surface potential profile, 
5 KeV beam, minutes ?0 and 27, 
I KVfdlvlslon. 



(b) Front surface potential profile, 
20 KeV beam, minutes 15 and 20, 
2 KV/dIvIslon. 



(c) Rear surface potential profile, 
20 KeV beam, minute 20. 
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Figure 9. - Typical surface potential profiles of sample # 3. 
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Figure 10. * SurfKe potential versus beam energy tor 
sample no. 3. 
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Figure 11. - Collectwl current versus beam energy for 
sample no. 3. 
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III Surface potential of solar cell cover siloes versus time during 
solar simulation test of sample number 1 
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Figure 12. 



CumuMivt ar» Tcmperifurc. 


'»ki«;inai, pa(jk ^ 
nr I'OOK QUALilTd 


100 

•— Dark — ^ 

light — n"» — Dark 

— light— ^ 

so 

- 


•*«*^*** 





60 



• 

40 


• V 

• 




‘ 

10 

0 

1 1 J 

1 1 1 1 1 1 1 

1 . 1 1 


simulation Int o( sampla no. X 

I I V threshold 

II ?V threshold 

III SV threshold 


10 ID 


II 

-~L -1Z.74-.X— i-^,i^ii I 

40 « eo 70 (10 40 lOD no 13) 

Test time, min 


Id) Cumulative discharge count versus time during solar simulation 
test of sample no. 3. 


Figure I2l - Concluded. 
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Flqurr H. - Tvpical surface potential profiles of sample I 4. 
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U) Surface potential of solar cell cover slides versus time during 
solar simulation test of sample number 4. 
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time during solar simulation test of sample number 4. 


ORIGINAE PAGE IS 
OP POOR QUALIIT 


OKKIINAI. PA(;K is 
OF POOR yUALll’Y 



(c) Rear surface temperature as a function of time during solar 
simulation test of sample no. 4. 
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Id) Cumulative discharge count versus time during solar simulation 
test of sample no. 4. 

Figure 16. * Concluded. 
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(a) Front surface potential profile, 
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Figure 17. * Typical surface potential profiles of sample 1 1, 
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Figure 18. * Surface potential versus beam energy 
sample no. 1. 
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Figure 19. - Collected current versus beam energy for 
sample no. 1. 
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